The transport coefficients of three ionic liquids, lithium bromide ͑LiBr͒, rubidium bromide ͑RbBr͒, and molten silica (SiO 2 ) are calculated by the mixture mode-coupling theory. The static partial structure factors required are obtained from the interionic interaction potential by the OrnsteinZernike/hypernetted-chain integral equation. The anomalous pressure dependence of the transport properties, the increase in the molar ionic conductivity of LiBr and the fluidity of SiO 2 in the low-pressure region, is reproduced qualitatively well by our theoretical calculation. The calculated results are analyzed in the similar way as that for water performed by Yamaguchi et al. ͓T. Yamaguchi, S.-H. Chong, and F. Hirata, J. Chem. Phys. 119, 1021 ͑2003͔͒, and we found that the friction on the electric current caused by the coupling between the charge-and number-density modes is effective to the increase of the transport coefficient with pressure, as is the case of water.
I. INTRODUCTION
The molecular mobilities of most liquids are decreasing functions of pressure. It indicates that the molecules diffuse less easily at more densely packed condition, which is consistent with our everyday experience. However, there are some liquids whose molecular mobility is enhanced by compression, and its microscopic mechanism has been under debate for many years.
The most famous example of such a liquid is water. [1] [2] [3] [4] Due to its chemical and biological importance, the equilibrium and transport properties of water have been a target of high-pressure science from the beginning of the last century.
Owing to the accumulation of the experimental works, it has been revealed that the molecular mobilities of liquid water, as appear in the shear viscosity, dielectric relaxation, selfdiffusion, and single-particle reorientational relaxation, are increasing functions of pressure in the low-temperature, lowpressure region. As is the case of other anomalous properties of water, this pressure dependence of the molecular mobility of water has been ascribed to its tetrahedral hydrogenbonding network structure.
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Molten silica (SiO 2 ) is another liquid that shows anomalous pressure dependence of the transport coefficients. The properties of molten silica and related compounds under high pressure are quite important in geophysics. Although the transport coefficients of neat molten silica have not been reported to our best knowledge, the shear viscosities of related compounds are extensively measured in the hightemperature, high-pressure region mainly by Kushiro et al. [5] [6] [7] [8] [9] They found that the shear viscosities of many kinds of magma decrease significantly with pressure, which had a great impact on both geophysics and material science. They also measured the self-diffusion coefficients of oxygen atoms of these compounds, and showed that the diffusivity of the oxygen atom is also enhanced by the compression. 10 Stimulated by these experimental findings, there have been many theoretical and computer simulation studies on the anomalous pressure dependence of the transport coefficients of molten SiO 2 , and these anomalies are now considered to be due to the pressure-induced breakdown of the tetrahedral network structure, [11] [12] [13] [14] [15] just as the anomalous pressure dependence of the dynamic properties of water is ascribed to the breakdown of the tetrahedral hydrogen-bonding network structure.
A less famous example of the anomalous pressure dependence of the transport coefficient is that of the molar ionic conductivity of molten LiBr. Cleaver et al. measured the ionic conductivity of various molten alkali halides, and found that the molar conductivities of lithium halides are increasing functions of pressure in the low-pressure region.
conductivity of molten LiBr in detail, and reported that the pressure dependence of the molar conductivity has a maximum value. 17 These experimental facts indicate that the ionic mobilities of molten LiBr is enhanced by compression, as is the case of water and silica. However, the anomaly in the pressure dependence of the molar conductivity of molten LiBr has been discussed in different ways from the corresponding properties of water and silica, since the molten LiBr does not have a tetrahedral network structure as water and silica. For example, Tödheide considers that the electronic polarizability is responsible for the anomalous pressure dependence. 17 On the other hand, Okada et al. showed by their molecular dynamics ͑MD͒ simulation, using the rigid ion model, that the pressure dependence of the selfexchange velocity of molten LiBr is in harmony with that of the molar conductivity, although they did not evaluate the conductivity explicitly. 18 Very recently, we reported that the pressure dependence of the molar conductivity of LiBr is reproduced qualitatively by the mode-coupling theory ͑MCT͒ with the same model. 19 In a recent work, Yamaguchi et al. calculated the dynamic properties of water at various densities and pressures using the generalized Langevin/modified mode-coupling theory devised for molecular liquids described by the interaction-site model. 4 The anomalous pressure dependence of various dynamic properties is reproduced qualitatively well, although the quantitative agreement is not so good. Furthermore, they analyzed their theoretical calculation in detail, and found that the interatomic strong Coulombic interaction can be a reason for the anomalous pressure dependence of dynamic properties. Owing to the decrease in the number-density fluctuation in the low-wave-number region with increasing pressure, the Coulombic coupling between the low-wave-number charge-density fluctuation and hydrodynamic dielectric mode is reduced. They also performed similar analyses on other polar liquids in order to clarify the specificity of water. They found that the effect of Coulombic interaction is hindered by that of repulsive collisions in the case of typical polar liquids as acetonitrile. However, they also demonstrated by both the MCT calculation and MD simulation that the dynamic properties of a model diatomic polar liquid can show the anomalous pressure dependence even if it does not have any kind of tetrahedral hydrogenbonding network structure.
Ionic liquids are liquids composed of charged particles, so that the intermolecular Coulombic interaction has strong influence on both the equilibrium and dynamic properties. Since the anomalous dynamic properties of water above can be derived from the strong intermolecular Coulombic interaction in general, there is a possibility that the anomalous pressure dependence of the transport coefficients of both molten LiBr and silica melt is explained in the similar way as that of water. Recently, Wilke et al. performed a modecoupling calculation on the ideal glass transition of the symmetric model ionic liquid. 20 They found that the density dependence of the ideal glass transition temperature shows a re-entrant behavior, that is, a vitreous state becomes ergodic by applying the pressure. Although they did not demonstrate explicitly, it indicates that the transport coefficients of the model liquid show the anomalous pressure dependence of mobilities as LiBr, silica, and water, and their calculation supports our idea that the pressure-induced enhancement of the molecular mobility of liquids stems from the general properties of the intermolecular Coulombic interaction.
In this work, we perform mode-coupling calculation of above ionic liquids, LiBr and SiO 2 , in order to clarify how the intermolecular interactions and the changes in the liquid structures lead to the pressure-induced enhancement of the molecular mobility. The equilibrium structure required in the MCT calculation is obtained by the statistical integral equation theory as is the case of the corresponding calculation on water. 4 A similar calculation on RbBr, which does not indicate the anomaly in the pressure dependence of the transport coefficients, is also performed for comparison with that of LiBr. The modified mode-coupling theory for molecular liquids employed by Yamaguchi et al. is based on the interaction-site model, 4 and the site density is the dynamic variable explicitly considered there. One can therefore translate the analysis of the MCT calculation on water into that on ionic liquids easily, which we consider is a merit of the interaction-site based theory of the dynamics of molecular liquids, as opposed to that based on the spherical harmonics expansion.
II. PREVIOUS MODE-COUPLING ANALYSIS OF THE PRESSURE-INDUCED ENHANCEMENT OF MOLECULAR MOBILITY OF WATER, AND ITS IMPLICATION TO IONIC LIQUIDS
Consider a liquid composed of interaction sites ␣, ␥,... . Here, the greek indices ͑␣,␥,...͒ refer to the species, and i, j,... will be used for the individual sites. At present, it does not matter whether interaction sites are connected by chemical bonds ͑polar liquids͒ or not ͑molten salts͒. The mass and charge of the site ␣ are denoted as m ␣ and z ␣ , respectively.
In the mode-coupling analysis of the anomalous pressure dependence of the molecular mobility of water performed by Yamaguchi et al., 4 the electrostatic friction on the chargedensity mode, ͚ ␣ z ␣ ␣ (k) in the low-wave-number region plays an essential role, where ␣ (k) represents the numberdensity mode of site ␣ in the reciprocal space. The chargedensity mode in the low-wave-number limit corresponds to the collective dipolar reorientation ͑dielectric relaxation͒ in the case of polar molecular liquids, whereas it does to the electric current in the case of ionic liquids.
We will discuss hereafter on two anomalous properties of the dynamics of ionic liquids, the pressure-induced enhancement of the mobility and the negative Nernst-Einstein deviation parameter, in terms of the short-time behavior of the electrostatic friction, as was done for water in Ref. 4 . The frictional force other than the electrostatic ones are working in reality, however, and the short-time behavior of the memory function may not be related directly to the timeintegrated transport properties. It is therefore required to treat the dynamics of ionic liquids fully on the microscopic level before extracting the effect of electrostatic friction, which we are going to do in this work. As will be shown in Sec. V A, the contribution from the low-wave-number region (q Ͻ1.5 Å Ϫ1 ) is mainly responsible to the anomalous pressure dependence of the ionic conductivity, and the short-time behavior is reflected in the zero-frequency character in a rather straightforward way in the case of LiBr, consistent with the picture presented below. In Sec. V C, the electrostatic friction is also shown responsible for the negative Nernst-Einstein deviation parameter. In the case of silica, the presence of the first-sharp-diffraction-peak around 2 Å Ϫ1 may require a modification of the picture, which will be discussed in Sec. V D.
A. Anomalous pressure dependence
According to the idea based on the fluctuationdissipation theorem, [21] [22] [23] the friction kernel on the chargedensity mode in the low-wavelength limit is proportional to the time correlation function of the random force acting on the mode as ͑t ͒ϭ 1
where f i (t) is the random force acting on the site i. When the interaction potential between sites, denoted as ũ ␣␥ (k) in the reciprocal space, is pairwise additive and isotropic, the force on the site current is given by
Here the random force is replaced by force and the wave vector is treated as a discrete variable. By substituting Eq. ͑2͒ into Eq. ͑1͒, (t) is described as
where we used the factorization approximation involving four density fluctuations as is the case of the mode-coupling theory, and F ␣␥ (k,t) is the site-site dynamic structure factor given by
where V stands for the volume of the system. It should be noted that the normalization factor, V, is different from other literatures. By replacing the bare interaction potential, ũ ␣␥ (k), with the effective one described by the direct correlation function as Ϫk B Tc ␣␥ (k), one can obtain the expression of the mode-coupling theory. 20 Here we consider the effect of the interatomic Coulombic interaction, so that the interaction potential ũ ␣␥ (k) is replaced by its Coulombic part as
͑5͒
Substituting Eq. ͑5͒ into Eq. ͑3͒, the Coulombic contribution of (t) is given by
͑6͒
where we neglect the contribution of the second term of Eq. ͑3͒, since it behaves as O(k 2 ) in the low-wavelength region, whereas the first term is the order of unity. The first and the second factors represent the z 2 -weighted number-density fluctuation and charge-density one, respectively. In particular, the initial value of Coulomb (t) is described as
where
) is the static site-site structure factor, and ⑀ L (k) is the wave-number-dependent longitudinal dielectric constant. 21 Based on Eq. ͑7͒, we can understand qualitatively how the interatomic strong Coulombic interaction leads to the pressure-induced enhancement of the molecular mobility. The second factor, 1Ϫ1/⑀ L (k), is almost independent of density, since it is already close to unity in the case of highly polar liquids and molten salts. 24 On the other hand, the first factor, which represents the z 2 -weighted number-density fluctuation, is a decreasing function of density in the lowwave-number region, because the density fluctuation in the hydrodynamic limit is associated with the isothermal compressibility, and liquids usually become less compressible under higher pressure. Moreover, the right-hand side ͑rhs͒ of Eq. ͑7͒ should be divided by density in order to obtain the relaxation time of the charge density due to the density dependence of the inertia factor. As a result, the electrostatic friction on the charge-current density in the low-wavenumber region decreases with increasing pressure, which leads to the increase in the dielectric relaxation rate or the electric conductivity if the effect of electrostatic friction is significant on the charge-current density. The decrease in the friction on the charge-current mode can enhance the relaxation of other dynamic modes through the dielectric friction or the relaxation of ionic atmosphere, to bring about the anomalous pressure dependence of various transport coefficients. In the previous study on water by Yamaguchi et al., they analyzed their mode-coupling calculation and showed that the decrease in the electrostatic friction on the dielectric relaxation actually contribute to the anomalous pressure dependence of the dielectric relaxation time of water. 4 The physical mechanism of the anomalous pressure dependence of the molecular mobility, explained mathematically above, is described schematically in the following way.
Consider the situation that the number-density fluctuation is induced in a liquid composed of highly polar molecules, as is shown in Fig. 1͑a͒ . When the polar molecules are orientated in the z direction, there arises the gradient of the polarization density due to the number-density fluctuation. The heterogeneity of the polarization density stands for that of the charge density, whose electrostatic energy is proportional to 1Ϫ1/⑀, which corresponds to the second factor of Eq. ͑7͒. Since the polarization along the z axis is unfavorable in the presence of the number-density fluctuation along the z axis by the mechanism above, the number-density fluctuation causes the friction on the dielectric mode through the Coulombic interaction.
A schematic picture can be drawn as Fig. 1͑b͒ for molten salts. As is the case of polar liquids, the displacement of cations and anions in the opposite directions induces the charge-density fluctuation when the gradient of the number density is present. The charge density then leads to the increase in the Coulombic energy, so that the charge current is suppressed.
It should be noted here that, although the schematic pictures are different for polar molecular liquids and molten salts, we can treat both in the same formalism by employing the interaction-site description for molecular liquids.
B. Nernst-Einstein deviation parameter
The diffusion of ions in dilute electrolyte solutions is uncorrelated, and the ionic conductivity, , is given by the Nernst-Einstein relationship as follows:
On the other hand, due to the correlation between the motions of ions, the Nernst-Einstein relationship does not hold in the case of concentrated electrolyte solutions and molten salts. In such a case, the Nernst-Einstein deviation parameter, denoted as ⌬ NE , is defined in order to describe the deviation from the Nernst-Einstein relationship as
The positive value of ⌬ NE means that the collective ionic conduction is suppressed compared with the single-particle diffusion, and vice versa. The deviation parameters of concentrated electrolyte solutions are often positive, which can be explained by the ion-pair formation. The value of ⌬ NE is also positive in the case of many ionic liquids, and it has been attributed to the short-lived ion-pair formation. 21, 25 However, there are some cases where the NernstEinstein deviation parameters of ionic liquids become negative. For example, Trullàs et al. showed in their MD simulation that the deviation parameter of molten noble-metal halides are negative. 26, 27 The deviation parameter of molten silica is also negative in the MD simulation at 4 g/cc and 4000 K. 28 Wilke et al. showed that the deviation parameter of the low-density ionic fluid becomes negative in their mode-coupling calculation, although they did not present the reason explicitly ͑the inset of Fig. 11 in Ref. 20͒ . Very recently, we performed a MD simulation of molten LiBr, and showed that its ⌬ NE is also negative, which is consistent with the experimental data. We further demonstrated that the negative deviation parameter can be reproduced by the mode-coupling calculation. 19 Since it is unlikely that the ions of the same charge can form the ion pair, it is necessary to construct another physical picture to elucidate the negative deviation parameter.
In this section we will show that the negative value of ⌬ NE can be explained in a consistent way with the mechanism of the anomalous pressure dependence of transport properties described in the preceding section. Since the negative deviation parameter is observed in liquids whose transport properties depend on pressure in an anomalous way, we consider that a consistent elucidation of both the pressure dependence and the deviation parameter will support the validity of the mechanism.
Based on the fluctuation-dissipation idea, the frictional force on the charge-current density is described as Eq. ͑1͒. Due to the correlation between the random forces on different ions, the friction on the collective mode is not given by the sum of the individual ions as
͑10͒
The collective ionic conduction is likely to be suppressed in comparison with the individual ionic motion (⌬ NE Ͼ0) when (t) is larger than s (t), and vice versa. In the similar way as the preceding section, the Coulombic part of s (t) is derived as FIG. 1. Schematic picture on the electrostatic friction on the charge-current mode of ͑a͒ polar liquids and ͑b͒ molten salts. In ͑a͒, the uniform reorientation of the dipole moment leads to the heterogeneity of the charge density in the presence of the number-density fluctuation. In ͑b͒, the charge density fluctuation is caused by the relative displacement of cations and anions when the number density is not uniform.
where F s,␣␥ (k,t) is the self-part of the partial dynamic structure factor defined as
Here N ␣ denotes the number of ␣ atom.
Comparing Eq. ͑11͒ with Eq. ͑6͒, the collective dynamic structure factor in the first factor on the rhs of Eq. ͑6͒ is replaced by its self-part in Eq. ͑11͒. The self-part of the structure factor of dense liquids is usually larger than the collective part in the low-wave-number region where the Coulombic interaction is effective. Therefore, the electrostatic friction on the collective charge-current density becomes smaller than that expected from the sum of the uncorrelated motion of the individual ions, which is in favor of the negative value of the Nernst-Einstein deviation parameter.
Physically speaking, the electrostatic friction on the single-particle diffusion stands for the friction caused by the retarded relaxation of the ionic atmosphere. The displacement of a single ion is always accompanied by the change in the charge density, requiring the relaxation of the ionic atmosphere around the ion. On the other hand, the collective charge current does not lead to the change in the charge density of the liquid if the number density of the liquid is homogeneous, which leads to the relatively weak electrostatic friction on the collective charge-current mode.
III. THEORY
According to the general procedure of the projection operator formalism, one can derive the generalized Langevin equation for the dynamic structure factor of atomic liquid mixtures and its self-part, F(k,t) and F s (k,t), respectively, as follows: 22, 29, 30 
͑14͒
The current correlation matrix and its self-part, J and J s , respectively, are given by
where m ␣ and ␣ stand for the mass and the number density of the ␣ atom, respectively. The memory functions, denoted as K(k,t) and K s (k,t) in Eqs. ͑13͒ and ͑14͒, respectively, are the generalized friction coefficients for F(k,t) and F s (k,t). In the modecoupling theory, the memory function is approximated as the linear combination of the quadratic form of the dynamic structure factor or its self-part as 22, 29, 30 
where c(q) is the direct correlation function, which stands for the effective intermolecular interaction between atoms, and z denotes the direction of k.
In particular, the memory function for the hydrodynamic modes, K(kϭ0,t) and K s (kϭ0,t), are given by
where (q,t) and s (q,t) are the contribution to the timedependent friction coefficient from the liquid structure of each wave number given by ␣␥ ͑ q,t ͒ϭ q
͑22͒
In Eqs. ͑17͒ and ͑18͒, the values of F(k,t) and F s (k,t) can be evaluated from K(k,) and K s (k,) at Ͻt, which is determined by F(k,) and F s (k,) in turn. In short, we can obtain the dynamic structure factor and its self-part at time t from those at Ͻt. Utilizing this property, we can calculate the dynamic structure factor in the whole time region from only the knowledge of the static structure factor, (q), and that of the inertia, J and J s . If we use the integral equation theory for the equilibrium structure, as is done in this work, the static structure factor is obtained from the interionic interaction in turn. In such a case, we can evaluate the transport properties of ionic liquids from the input data of ionic masses, interionic interactions, temperature, and density only.
IV. MODEL AND NUMERICAL METHODS
In this work, we employ the modified Born-MayerHuggins potential with Tosi-Fumi parameter ͑hereafter called BMH potential͒ as the interionic interaction potential of molten alkali halides ͑LiBr and RbBr͒. 31 The BMH model has long been used in the MD simulation of alkali halides. The effective charges of ions in the BMH model are Ϯe, where Ϫe is the charge of the electron, and the effect of electronic polarization is not included. Although the polarization of anion is thought to affect many properties of molten salts quantitatively, we consider that the rigid ion model is sufficient to understand the phenomena qualitatively. The interionic potential proposed by van Beest, Kramer, and van Santen ͑BKS potential͒ is employed for the silica melt, whose parameters are determined by ab initio quantumchemical calculations. 32 The effective charges of Si and O ions are ϩ2.4e and Ϫ1.2e, respectively, and the polarization effect is not included. The short-range correction of SaikaVoivod et al. is employed in order to avoid the anomaly at the origin. 33 The BKS potential has been used for the MD simulations of molten silica and silica glass as one of the representative potential of silica. 14, [33] [34] [35] [36] [37] [38] [39] [40] In particular, it is reported by MD simulation studies that the BKS potential works well in reproducing the characteristic pressure dependence of the transport properties of silica melt. 14 The equilibrium structure is calculated from the interionic potential using the Ornstein-Zernike ͑OZ͒/hypernettedchain ͑HNC͒ integral equation, 21 as is the case of the previous study on water by Yamaguchi et al. 4 The HNC equation is reported to work well in the case of molten alkali halides. 19, 21, 25 The dynamic structure factor is calculated from the static structure using the generalized Langevin/mode-coupling theory described in the preceding section. Although the mode-coupling approximation is the approximation for the long-time part of the memory function, [21] [22] [23] we used the mode-coupling expression in the whole-time region. We consider that this approximation will not affect the qualitative mechanism of the transport properties, since their anomalous pressure dependence is reproduced well as will be exhibited later. In the numerical procedure, the reciprocal space is linearly discretized as kϭ(nϩ The time development of the correlation function in the hydrodynamic limit, k→0, is separately treated by the analytical limiting procedure of the theoretical expressions in order to obtain the transport coefficients. The relationship between the dynamic structure factor and the transport coefficients is described elsewhere.
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V. RESULTS AND DISCUSSIONS
A. LiBr: The simplest case
We will demonstrate our numerical results on molten LiBr in this section. Parts of the results are already shown in our previous letter. 19 All the calculations shown here are performed at 1000 K. Although results at other temperatures were exhibited in the previous letter, 19 they are omitted here, since temperature dependence is not within the scope of our present work. Figure 2 shows the partial structure factors, (q), at 1 atm ͑the number density of each ion is 0.016 77 ions/Å 3 ͒.
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The density dependence of the local counter-ion density, which is defined as the radial distribution function multiplied by the number density, is exhibited in Fig. 3 . As is shown in Fig. 3 , the coordination number of the counter ion is an increasing function of density. Therefore, the collision frequency increases with increasing density, so that the ionic mobility is expected to decrease with density based on the Enskog idea.
The molar ionic conductivity and the diffusion coefficients, obtained by the mode-coupling calculation, are shown in Fig. 4 . The relative change from the values at the ambient pressure is plotted. Contrary to the expectation from the coordination number, the molar ionic conductivity is an increasing function of the density in the low pressure region, which is consistent with the experimental observations. 16, 17 The absolute values of the molar conductivity and diffusion coefficients at 1 atm are shown in Table I . The theory underestimates the conductivity by about 30% compared with the experiment. 17 We consider this agreement is satisfactory because only the interionic interaction potential is used as input data in our theory. Comparing the density dependence of the molar conductivity with those of single-particle diffusion coefficients of ions in Fig. 4 , the increase in the mobility is stronger for the collective ionic conduction than for the single-particle diffusion. It clearly indicates that the anomaly in the density dependence of the transport coefficients of molten LiBr stems from the collective charge-density mode, rather than the single-ionic motions, and it is also consistent with the physical picture presented in Sec. II. The decrease in the diffusion coefficient with density is weaker for cation, because the effect of ionic atmosphere is larger for smaller Li ϩ ion. The relative density dependence of the diffusion coefficients of cation and anion is consistent with the MD simulation reported by Okada et al. 18 In the MD simulation of Okada et al., the diffusion coefficient of Li ϩ is a weakly decreasing function of density, 18 whereas it shows slight increase in our theoretical calculation. The diffusion coefficient of Li ϩ ion in molten LiBr has yet to be measured to our best knowledge, and we consider it is worthy of experiment, although the precise measurement of the diffusion coefficient under the high-temperature, highpressure condition is difficult. As for the discrepancy between the simulation and the theory with respect to the pressure dependence of the cationic diffusion coefficient, we consider it is not an essential failure of our theory. First, the increase in the diffusion coefficient is so small in our theory that it may be buried under the statistical error of the simulation. Second, since our theory exaggerates the increase in the molar conductivity compared with experiments, the increase in the cationic diffusion coefficient is also likely to be overestimated, and the maximum of the diffusion coefficient may appear only in the negative pressure region where the simulation was not performed.
As was discussed in the previous work on water by Yamaguchi et al., the initial value of (q,t), defined by Eq. ͑21͒, can be regarded as the distortion of the liquid structure accompanying the ionic conduction. 4 We show the density dependence of (q)ϵ(q,tϭ0) in Fig. 5͑a͒ . Only the dielectric component is plotted there, since all the components are proportional to the dielectric one in the case of binary ionic mixture due to the momentum conservation. Since J is proportional to , the factor of Ϫ1 is multiplied so that observed density dependence corresponds to that of the relaxation time, where stands for the molar density. The mode-density factor, 4q 2 , is also multiplied there. In Fig. 5͑a͒ , the structure below 1.5 Å Ϫ1 mainly comes from the Coulombic interaction as is elucidated in Sec. II, whereas the higher wave-number part can be attributed to the short-range repulsive interaction. Although not shown explicitly, the density dependence of the static structure below 1.5 Å
Ϫ1
, in particular at 0ϽqϽ1 Å Ϫ1 , has the same characteristics with that at qϭ0 in that the number-density fluctuation is supressed by the packing effect while the charge density one is almost invariant. As is expected, the friction from the low-wave-number region decreases with increasing density due to the decrease in the number-density fluctuation. On the other hand, the high-wave-number part is almost invariant and slightly increases with density. We consider it is due to the relatively small increase in the coordination number of the counter ions with density, as is shown in Fig. 3 . Figure 5͑b͒ demonstrates the time-integrated wavenumber-resolved memory function as
multiplied by the same factor as Fig. 5͑a͒ . By integrating over q, it directly generates the zero-frequency friction on the zero-wave-number ionic charge current. The running integral of the difference of (q) from that of the ambient pressure is plotted in Fig. 5͑c͒ , in order to demonstrate the origin of the decrease in friction clearly. As is seen in Figs. 5͑b͒ and 5͑c͒ , the density dependence of (q) inherits that of the initial time in a rather straightforward way. Although the absolute contribution of the highwave-number region is large, its density dependence is quite small, and more than half of the decrease in the zerofrequency friction comes from that of the low-wave-number region (qϽ1.5 Å Ϫ1 ). The decrease in the contribution of the high-q region in Fig. 5͑c͒ may be attributed partly to the coupling with the charge-density modes. At the density higher than 0.019 ions/Å 3 , the contribution of the repulsive interaction begins to increase, which leads to the decrease in the molar conductivity.
B. RbBr: The distinction between normal and anomalous pressure dependence
In this section, we will present the density dependence of the transport coefficients of molten RbBr obtained in the same way as those of LiBr. Since the ionic mobilities of molten RbBr is reported experimentally to be a decreasing function of pressure, 16 the comparison between LiBr and RbBr will help answer the question what is the characteristics of LiBr among other molten salts that leads to the anomaly in the pressure dependence of the transport properties.
All the calculations on molten RbBr are performed at 1075 K and various densities from 0.009 384 ions/Å 3 ͑the number density of each ion at 1 atm 41 ͒ to 0.010 746 ions/Å 3 . Figure 6 shows the local counter-ion density at three different densities. The coordination number of the counter ion is an increasing function of density. Compared with that of molten LiBr ͑Fig. 3͒, the increase in the coordination number is larger in the case of RbBr, given that the overall increase in the bulk density is 20% and 10% in Figs. 3 and 6 , respectively.
The density dependence of the molar conductivity and diffusion coefficients is plotted in Fig. 7 . They are normalized to the values at the ambient pressure, which are summarized in Table I . Contrary to the molten LiBr ͑Fig. 4͒, all the transport coefficients are decreasing functions of density, consistent with the experiment. 16 The agreement of the absolute value of the transport coefficients with the experiment is worse than that of LiBr, which we consider may partly be attributed to the performance of the BMH potential in the case of RbBr. All the transport coefficients behave similarly by compression, and it looks as if all of them are controlled by the same parameter such as viscosity, although the coupling with the transverse current density is not included in our calculation.
The density dependence of (q) is exhibited in Fig. 8 . Owing to the general mechanism described in Sec. II, the contribution from the low-wave-number region ͑Ͻ1 Å Ϫ1 ͒ decreases with increasing density. Compared with the corresponding functions of LiBr ͓Fig. 5͑a͔͒, however, (q) of RbBr is different in the following two features, so that the ionic mobility decreases with increasing density.
First, the relative contribution of the low-wave-number region to the whole friction is quite small in the case of RbBr. It indicates that the Coulombic interaction plays only a minor role in the frictional force on the ionic conduction, which can be explained in terms of the difference in the size of cation.
Second, (q) in the high-q region is strongly dependent on density. Since the high-q part corresponds to the shortrange repulsive interaction, its large increase corresponds to the rapid increase in the counter-ion coordination number as is shown in Fig. 6 . The difference in the density dependence of the local structure, in turn, may stem from the difference in the interatomic interaction to determine the structure qualitatively, that is, the importance of the attractive Coulombic interaction is larger on LiBr than on RbBr.
In summary, the two ionic liquids investigated here, LiBr and RbBr, share the same mechanism that the electrostatic friction on the collective ionic current can decrease with increasing pressure through the decrease in the number-density fluctuation in the low-wave-number region. At the same time, both liquids also have another mechanism in common, that the repulsive friction increases with increasing pressure due to the increase in the coordination number. The difference between LiBr and RbBr appears quantitative rather than qualitative in our calculation. In the case of LiBr, the former mechanism is relatively strong and the latter one is very weak, so that the former one appears in the resultant transport coefficient, whereas the former is usually dominated by the latter in most ionic liquids. A detailed knowledge of the liquid structure will be required to understand in what condition the density dependence of the electrostatic friction may lead to the pressure-induced enhancement of the molecular mobility without the disturbance of the repulsive interaction.
C. Nernst-Einstein deviation parameter
The Nernst-Einstein deviation parameters, ⌬ NE , of LiBr and RbBr obtained by the theory are shown in Table I . As is the case of other alkali halides, 25 ⌬ NE is positive for RbBr, which indicates that the collective ionic conduction is suppressed compared with the single-ionic diffusion. On the other hand, ⌬ NE of molten LiBr is negative in our theory, and it is consistent with a simulation and experiments. 19 In Sec. II we have presented a physical mechanism on the negative deviation parameter, which is in harmony with the anomalous pressure dependence of ionic conductivity. In this section, we show the analysis of our theoretical calculation based on the mechanism in Sec. II. Figure 9 shows the time-integrated wave-numberresolved friction coefficient and its self-part, defined as
respectively, where ϵ ϩ ϭ Ϫ . According to the discussion in Sec. II B, the difference between them represents the distinct part of the memory function resolved into the contribution of each wave number. As is expected from the discussion in Sec. II B, the selfpart exceeds the collective one in the low-q region. On the other hand, the former is smaller than the latter in the high-q region, which can be attributed to the fact that the shortrange repulsive interaction is likely to act between a cation and an anion. The contribution of the former is relatively large and the difference between two functions is small in the high-q region in the case of LiBr, which leads to the negative value of the Nernst-Einstein deviation parameter.
Trullàs and Padró proposed in their MD simulation work on molten noble-metal halides that the negative value of the deviation parameter originates in the collision between larger anions. 26 Their explanation appears different from ours at first glance, since the negative deviation parameter always comes from the low-q region, not from the high-q one that represents the collisional interaction. In addition to the relative contribution of the electrostatic and repulsive interactions, however, the difference between the collective and the self-functions in the high-q region is smaller for LiBr in comparison with RbBr, and we consider it may have something to do with the repulsive interaction between larger anions. 
D. Silica: The revival of the conventional picture
This section deals with the ionic mobility of molten silica. The temperature and the density of the systems calculated are 3000-8000 K and 0.0275-0.0425 ions/Å 3 ͑the number density refers to that of the Si atom here͒, respectively. Although the density of silica melt is less than 0.025 ions/Å 3 at the ambient pressure, 42 we cannot perform the calculation in the lower-density region, because the OZ/HNC integral equation is not convergent numerically there. In the mode-coupling calculation of Sciortino and Kob, they reported that the ideal glass-transition temperature of silica melt is largely affected by the inclusion of the three-body direct correlation function. 38 Due to the lack of the information on the three-body correlation in the integral equation theory, however, we employed the ordinary expression of the memory function, not including the three-body direct correlation function. We believe we can extract the physical mechanism of the anomalous pressure dependence of the ionic mobility of silica melt from our theoretical calculation without the three-body direct correlation function, so long as it can reproduce the characteristic pressure dependence of the mobility qualitatively. Figure 10 shows the partial static structure factor at 3000 K and 0.0300 ions/Å 3 . Compared with the structure factor of molten LiBr ͑Fig. 2͒, it should be noticed that the small peak ͑shoulder͒ is found around 2 Å
Ϫ1
. This peak is more evident in experiments and simulations of silica and related materials in lower-temperature, lower-density region, and it is called ''prepeak'' or ''first sharp diffraction peak'' ͑FSDP͒. [43] [44] [45] [46] [47] In contrast to the peak around 3 Å Ϫ1 , the density fluctuation modes of Si and O ions are positively correlated in FSDP, which indicates that FSDP is associated with the fluctuation of the charge-neutral cluster of ions, i.e., SiO 2 unit. Figure 11 demonstrates the diffusion coefficient of O atom obtained by our theory. Compared with the corresponding MD simulation performed by Shell et al. using the same potential, 14 the characteristic behavior of the diffusion coefficient is reproduced qualitatively well, although the absolute value of the diffusion coefficient is several times smaller. The diffusion coefficient of Si atom and the shear viscosity also show the similar anomalous pressure dependence in our theory, although they are not plotted here. Figure 12͑a͒ exhibits the z 2 -weighted number-density fluctuation and the charge-density fluctuation at 3000 K and two different densities, 0.0300 and 0.0350 ions/Å 3 , where the weighting factor of z 2 corresponds to Eq. ͑7͒. The factor of Ϫ1 is multiplied to the z 2 -weighted number-density fluctuation for normalization. Owing to the positive correlation between the Si and O modes, FSDP structure appears strongly in the number-density fluctuation. On the other hand, the charge-density mode is suppressed up to FSDP, which means that the charge neutrality is maintained at the FSDP mode, and at the same time the interionic Coulombic potential is effective up to 2 Å
. The FSDP decreases with increasing density in the low-wave-number region and apparently shifts to higher wave number, which is consistent with the x-ray diffraction of silica glass. 44 Figure 12͑b͒ plots the functions that correspond to Fig.  5͑a͒ for molten LiBr. Both functions resemble each other qualitatively in that the contribution of the low-wave-number structure is a decreasing function of density, whereas that of the peak of the structure factor ͑2 and 3 Å Ϫ1 for LiBr and FIG. 10. The static structure factor of molten silica at 0.0300 ions/Å 3 ͑num-ber density of Si atom͒ and 3000 K. All the symbols are the same as in Fig. 2.   FIG. 11 . The theoretical self-diffusion coefficient of oxygen in silica melt is plotted against density. The temperature of the system is, from lower to upper, 3000, 4000, 6000, and 8000 K, respectively. silica, respectively͒ is almost invariant. However, the major difference is that the peak of the low-wave-number structure exists on the low-wave-number side of the FSDP in the case of silica.
The electrostatic friction on the charge-current mode is the linear combination of the number-and charge-density modes according to Eq. ͑7͒. If the number-density fluctuation increases as FSDP in the low-wave-number region where the interionic Coulombic interaction is effective, it results in the increase in the frictional force on the charge-current mode. A similar behavior has been found in the previous study on water performed by Yamaguchi et al., although it appears less clear partly because the RISM/HNC theory does not reproduce the characteristic double-peak structure in the static structure factor of water. 4 We consider that the absence of the contribution of the FSDP-like structure in the case of LiBr is one of the reason for the relatively small anomaly in the pressure dependence of its transport coefficients.
Based on the correlation between the coordination number and the ionic mobility, Angell et al. proposed that the Si atom coordinated by five O atoms is responsible for the increase of the ionic mobility. 11 We can draw the following corresponding picture if a special attention is paid to the role of the FSDP, although the definite distinction of the contribution of FSDP is difficult since the peak around 2 Å Ϫ1 is broad and its edge continues to the low-wave-number limit. Figure 13 shows the schematic picture that stresses on the number-density fluctuation around 2 Å Ϫ1 . As is described above, FSDP can be interpreted as the density fluctuation of SiO 2 units. Therefore, the presence of FSDP can be described schematically as Fig. 13͑a͒ . When the cation and the anion are pulled in the opposite direction, the SiO 2 unit has a large electric dipole moment, which requires large polarization energy. The electric current is hence not favored by the electrostatic energy. On the other hand, consider the situation that the number-density fluctuation is suppressed by the compression as is shown in Fig. 12͑a͒ , and the fifth O atom is located near the Si atom ͑connected by a broken line͒ as is described in Fig. 13͑b͒ . In such a case, the polarization energy of the SiO 2 unit is cancelled by the electrostatic energy between Si atom and the fifth O atom, and the electric current is electrostatically more favored compared with Fig.  13͑a͒ . We therefore consider that the physical picture of the anomalous pressure dependence of silica melt obtained by our theory is essentially consistent with that of Angell et al. 11 that the increase in the number of five-coordinated Si atoms is responsible for the increase in the ionic mobility. However, it should be mentioned here that the structural information we used is that on the uniaxial correlation functions, not including the angular distribution such as the bond-angle order explicitly.
Guissani and Guillot reported in their MD study on silica melt that the Nernst-Einstein deviation parameter is strongly negative (⌬ NE ϳϪ2) at 4000 K and 4 g/cc ͑0.04 ions/Å 3 ͒, whereas it is positive in the low-temperature low-density region. 28 The negative value of the deviation parameter is consistent with the mechanism described in Sec. II B, and we actually obtained the negative deviation parameter (⌬ NE ϳ Ϫ0.14) at the corresponding state point. Although the absolute value is quite different, it may be attributed to various reasons such as the difference in the interaction potential, the insufficient structural information from the integral equation theory and so on. Though the calculation is not performed here in the low-temperature, low-density region, we consider that the positive deviation parameter does not contradict with the present mechanism, because the pronounced FSDP there will violate the condition that the collective number-density fluctuation is smaller than the single-particle one.
VI. CONCLUDING REMARKS
In this work, we have presented our mode-coupling calculation on the density dependence of the transport properties of three ionic liquids, LiBr, RbBr and silica. Two of them, LiBr and silica, show the increase in the ionic mobilities with increasing density in the low-pressure region, as is observed by the experiments or the simulations. The calculation is analyzed in the same way as the mode-coupling study of the anomalous pressure dependence of the molecular motion of water performed by Yamaguchi et al., 4 in order to clarify the similarities of the physical mechanisms of the ionic liquids and water.
The pressure dependence of the ionic mobility of three ionic liquids is reproduced fairly well by the theoretical calculation. The Coulombic part of the friction on the collective electric current decreases with density due to the decrease in the number-density fluctuation, as is expected from the mechanism proposed for water. On the other hand, the density dependence of the contribution of the short-range ͑high-wave-number͒ structure is quite small in the case of LiBr and silica. As a result, the ionic mobility reflects the decrease in FIG. 13 . A schematic picture of the anomalous pressure dependence of molten silica when special attention is paid to the role of the first sharp diffraction peak ͑FSDP͒. In the low-density region, there are definite tetrahedral SiO 2 units as is described in ͑a͒, which bring about FSDP. In such a case, the relative motion of Si and O atoms is restricted due to the large polarization energy of the SiO 2 unit. In the high-density region, however, the FSDP becomes smaller, and there can be another fifth O atom around the Si atom, as is described in ͑b͒. The electrostatic interaction between the fifth O atom and Si atom, denoted as the dotted line, can reduce the polarization energy mentioned above.
the electrostatic friction in a straightforward manner, leading to its anomalous pressure dependence observed by experiments or simulations.
The electrostatic friction on the ionic conductivity of RbBr also decreases with increasing density, as is the case of LiBr. However, its absolute magnitude is so small that it hardly contributes to the total friction. Moreover, the contribution of the short-range part is a strongly increasing function of density due to the rapid increase in the coordination number, which dominates the increase in the total friction.
Although a picture similar to LiBr is obtained on silica melt, the large difference is that the electrostatic friction is enhanced by the presence of the FSDP in the low-wavenumber region. If we focus on the role of the FSDP in particular, we can draw a scheme of the anomalous pressure dependence of transport properties consistent with the conventional picture that the Si atom coordinated by five O atoms enhances the ionic mobility.
In addition to the anomalous pressure dependence of the transport properties, we can also reproduce the negative value of the Nernst-Einstein deviation parameter reported by the MD simulation of LiBr 19 and silica. 28 The homogeneous ionic-charge current does not induce the charge heterogeneity in the absence of the number-density fluctuation. In contrast, the motion of a single ion is always accompanied by the change in the charge distribution, which requires the relaxation of the ionic atmosphere around the ion. Therefore, the Coulombic part of the frictional force is likely to be stronger on the single-ionic motion than on the collective charge current, which leads to the ionic conduction faster than the Nernst-Einstein relationship. On the other hand, the effect of the short-range interaction is stronger on the collective charge current, since the repulsive interaction is likely to act between a cation and an anion. The sign of the NernstEinstein deviation parameter is determined by the balance between the above two effects, and it can be negative when the Coulombic contribution to the frictional force is strong.
In summary, we have presented a possibility that various characteristic properties of some ionic liquids, such as the pressure-induced enhancement of the ionic mobilities or the ionic conduction faster than the Nernst-Einstein relationship, can be understood in terms of the general properties of the Coulombic part of the frictional force in dense liquids, as is the case of water proposed by Yamaguchi et al. 4 We hope that the present mechanism will also shed light on other curious properties of ionic liquids such as Chemla effect. 48, 49 
